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Organic-inorganic perovskites are well suited for optoelectronic applications. In particular, 
perovskite single and perovskite tandem solar cells with silicon are close to their market entry. 
Despite their swift rise in efficiency to more than 21 %, solar cell lifetimes are way below the 
needed 25 years. In fact, comparison of the time when the device performance has degraded 
to 80 % of its initial value (T80 lifetime) of numerous solar cells throughout literature reveals a 
strongly reduced stability under illumination. The various detrimental effects are discussed. 
Most notably, moisture and heat related degradation can be mitigated easily by now. Recently 
however, several photo-induced degradation mechanisms have been observed. Under 
illumination alloyed perovskites tend to phase segregate, while further, oxygen catalyzes 
deprotonation of the organic cations. Additionally, during illumination photo-generated 
charge can be trapped in the N-H antibonding orbitals causing the dissociation of the organic 
cation. On the other hand, organic-inorganic perovskites exhibit a high radiation hardness that 
is superior to crystalline silicon. This progress report thoroughly reviews proposed 
degradation mechanisms reported in literature and discusses the microscopic mechanisms and 






Exceptional electronic and optical properties attracted great interest in organic-inorganic 
perovskites within the last years. Because of their direct band-gap, large absorption 
coefficient [1], low defect concentration [2] and large diffusion lengths [3,4] this material class is 
well suited for optoelectronics. Applications range from efficient light emitting diodes [5–13] 
and lasers [14–23] to photodetectors [24–39] and solar cells. Today’s best performing solar cells 
exceed power conversion efficiencies (η) of 21%. [40,41] In fact, organic-inorganic perovskites 
outperform silicon solar cells already in terms of their potential loss (difference between VOC 
and band-gap), as they are not limited by Auger recombination.[40] The tunable band-gap 
energy makes the material class further highly attractive for tandem solar cells. [42] The 
combination of the high band-gap perovskite and a low band-gap semiconductor such as 
silicon allows to compensate for thermalization losses. Efficiencies are close to outperform 
the respective single junctions [43–45] and realistic estimates with over 28 % power conversion 
efficiency  are within reach. [46] However, organic-inorganic perovskites tend to degrade 
under numerous conditions. [47–52] To be more specific, degradation of organic-inorganic 
perovskites has been observed under illumination [53–58], at elevated temperatures [59–65], under 
bias [66–68], in moisture [63,69–86], in oxygen [53,57,76,87,88], and under high-energy irradiation [89–92]. 
The reported solar cell lifetimes are typically less than 2000 hrs. [93] Commercially available 
silicon solar cells, on the other hand, maintain over 85 % of their initial efficiency over a 
course of 25 years. For a true commercial success, this time span has to be reached for any 
new material class. In particular, stability is essential for high power perovskite single 
junctions and tandem solar cells combining perovskites with silicon. 
 
In this review we revisit the degradation of organic-inorganic perovskites. First, we present an 
overview of the current state of device stability. Considering over 50 publications, we are able 
to observe two trends: (i) An increase in the reported device stability within the last years and 
(ii) a severe mismatch of reported lifetimes between storage in the dark or under illumination. 
Then, we focus on the degradation mechanisms of organic-inorganic perovskites prepared 
from methylammonium (MA) and formamidinium (FA) lead iodide, which are the two 
compounds most commonly used. We will show that moisture and heat are two important 
degradation channels that are both well understood and resolved. Then, the focus will shift on 
two recently identified degradation channels that are observed during irradiation with light 




discussed controversially. Based on recent publications we will show that photo-induced 
defect formation is the Achilles heel of organic-inorganic perovskite solar cells. As there are 







2. Instability of Perovskite Solar Cells  
The very first perovskite solar cells were based on methylammonium (MA) lead iodide 
(MAPbI3) quantum dots within a nanocrystalline TiO2 matrix. The used liquid electrolyte 
induced a swift dissolution of the perovskite. [94] Substitution with a solid-state hole conductor 
enabled a first improvement in stability from minutes to hours. [95] With the vast increase of 
research effort, perovskite solar-cell efficiencies along with their stability increased vastly. 
Figure 1a depicts the evolution of reported solar-cell lifetimes as a function of their 
efficiency and their publication year.[40–42,45,63,72,80,83,94–140] More precisely, the graph depicts 
the T80 lifetime to allow accurate comparison. This lifetime is defined as the time until the 
efficiency of the device decreases to 80 % of its initial value. [141] Blue and orange columns 
correspond to devices stored under dark and light conditions (100 mWcm-2), respectively. 
Figure 1 reflects the leaping trend of the efficiency vs. year. [142] Considering devices stored 
under dark conditions only, a vast increase of the T80 lifetime over time is obvious (blue 
columns). Record T80 lifetimes reach 4500 hours. 
[103] This achievement is a result of 
improved device encapsulation and/or superior barrier layers. The improved devices often 
include hydrophobic hole transport layers [72,83,96,98,102,106,108,111,119,120,125,143,144], inorganic 
barrier layers [103,130,134], PEDOT:PSS additives ensuring a neutral pH value [109,123], inorganic 
charge selective contacts [107,116,120,122,128,134,136,137] and perovskite additives [72,110] to name a 
few. Apart from that, compositional changes of the perovskite itself are important. Indeed, 






Figure 1. (a) Evolution of the T80 lifetime of perovskite solar cells as a function of their initial 
efficiency and the publication year. Blue and orange columns refer to devices stored in the 
dark or under illumination with a light intensity of 100 mWcm-2, respectively. Asterisks refer 
to studies performed under reduced UV illumination. [40–42,45,63,72,80,83,94–140,147] (b) Comparison 
of the T80 lifetime of perovskite solar cells illumination to dye sensitized
[148–151] and organic 
solar cells based on polymers[152,153] and small molecules[154].  
 
Intriguingly, T80 lifetimes are considerably shorter for devices exposed to continuous 
illumination with a power density of 100 mWcm-2 (orange columns in figure 1). Under these 
conditions record lifetimes reach 1000 hours only.[45] This is far below the set target of 25 
years of outdoor operation with over 50,000 sun hours. [Note that this calculation is based on 
the yearly sum of the global irradiation in San Francisco.] It has to be mentioned that various 
record lifetimes were collected under illumination with reduced or no UV irradiation. The 
corresponding data are marked with an asterisk in figure 1. However, the blue to ultraviolet 
part of the solar spectrum is not negligible and triggers the dissociation of organic 
cations.[138,143,155] Moreover, oxygen vacancies are activated within the widely used TiO2 
layers under UV illumination. [138,143] The underlying mechanisms are discussed in chapter 3.3. 
Therefore, for a truthful evaluation of the long-time stability of solar cells it is necessary to 
use a light source that resembles solar AM1.5G conditions. Table 1 gives an overview over 
several outstanding stable perovskite solar cells, which were tested under continuous 
illumination. Note that some of the reports stopped the long-term measurements before 
reaching the T80 lifetime. 
 
Table 1.Overview of some perovskite solar cells tested under continuous illumination of 100 
mWcm-2. Here FTO is F:SnO2, spiro-OMeTAD is 2,2’,7,7’-tetrakis-(N,N-di-p-
methoxyphenyl-amine)-9,9’-spirobifluorene, BCP is bathocuproine, TSHBC a thiolated 
nanographene and PTAA poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine]. 





2017 14.4 >1000[147] glass/FTO/La:BaSnO3/MAPbI3/NiO/FTO *UV filter, 
2016 12 >1000[45] glass/ITO/NiO Cs0.17FA0.83PbBr0.17I0.83/LiF/PCBM/SnO2/ITO *sulfur lamp, MPP 
2016 17.7 >500[40] glass/FTO/TiO2/RbaCsbMAcFAdPbIxBry/PTAA/Au *LED, MPP, 85°C 
2016 20 >250[41] glass/FTO/TiO2/Cs5(MA0.17FA0.83)95Pb(I0.83Br0.17)3/spiro-OMeTAD/Au *white LED, MPP 
2015 15 >1000[156] glass/FTO/NiMgLiO/MAPbI3/PCBM/Ti(Nb)Ox/Ag *UV cutoff filter  
2015 17.1 220[80] glass/FTO/TiO2/FA0.9Cs0.1PbI3/spiro-OMeTAD *sulfur lamp 




2015 12.8 400[120] glass/FTO/TiO2/MAPbI3/TSHBC/Au # 45% humidity 
2015 14 816[98] glass/ITO/PT/MAPbI3/C60/BCP/Ag  
2014 10.5 >1000[121] glass/FTO/TiO2/(5-AVA)x(MA)1-xPbI3/carbon  
2013 8 500[140] glass/FTO/TiO2/ MAPbI3/spiro-OMeTAD/Au *white LED, MPP 
 
To put these achievements into context, we compare T80 lifetimes of perovskite solar cells to 
outstanding dye sensitized (DSSC) [148–151]  and organic solar cells (OSC) in Figure 1b. For 
the latter we show several examples based on different polymers[152,153]  and small 
molecules[154], which are typically used together with PC61(71)BM [6,6-phenyl-C61(71)-
butyric acid methyl ester]. So far, dye and organic solar cells exceed the lifetime of perovskite 
solar cells by roughly one order of magnitude. Research on these technologies however 
started more than a decade earlier. A very promising long term stability, exceeding 10,000 hrs 
under 100 mW/cm2 illumination, has recently been achieved in a perovskite module following 
the layer stack glass/FTO/TiO2/(HOOC(CH2)4NH3)xMAyPbI3/ZrO2/C. 
[157] It is fair to notice, 
that the authors kept the module at short circuit and observed an increase in efficiency during 
the first 500 hrs, which they attributed to concomitant effects and device hysteresis [157] 
Degradation is accelerated if devices are kept at their maximum power point (MPP). [56,158] 
(see also section 3.3.2) 
Stabilizing organic-inorganic perovskite solar cells is a key issue for a successful 
commercialization. However, so far the degradation mechanisms in general and light-induced 
processes in particular are still not completely unraveled. In the following sections, we 
provide a comprehensive overview of a number of degradation mechanisms comprising the 
effects of moisture, heat, oxygen, light, and high-energy particles. Insights to the degradations 
and the governing microscopic mechanisms will be given. 
 
3. Perovskite Degradation  
3.1. Moisture Induced Degradation 
Typical organic-inorganic perovskites – such as MAPbI3 – are strongly hydroscopic. As a 
result, the material degrades quickly in ambient environment. The process of course can be 
inhibited by proper device encapsulation and/or by hydrophobic contact or barrier 
layers.[72,83,96,98,102,103,106,108,111,119,120,125,130,134,144,159] Nevertheless, the underlying mechanism is 
of general interest. Figure 2 depicts the general degradation route. The hydration of CH3NH3I 
and PbI terminated surfaces is exothermic. [73] Therefore, solvation as well as water 




perovskite cavity stabilized by hydrogen bonds to methylammonium and iodine. [73] Recently, 
the formed hemihydrate CH3NH3PbI3•½H2O has been identified by a subtle shift of the N-H 
stretching vibrations using Fourier transform infrared spectroscopy (FT-IR). [75] 
Concomitantly, O-H stretching vibrations emerge around 3400 cm-1, as shown in figure 2e. 
[75] The hemihydrate preserves the original crystal structure with minor changes in bond 
length and a subtle increase of the band gap energy.[73] Although the hemihydrate formation is 
reversible, two distinct defect states are created.[79] Figure 2f depicts temperature stimulated 
current (TSC) measurements before and after the formation of the hemihydrate by exposure to 
humid air.[79] The observed defect states reside in the band gap at energies of 0.32 and 0.42 
eV. However, it is unclear whether the energies are given with respect to the valence or 
conduction band. In addition, hemihydration is accompanied by a strong increase in 
conductivity.[75]  
Upon further exposure to water vapor the monohydrate (CH3NH3PbI3•H2O) is formed. As a 
result, the short circuit current JSC is reduced dramatically.
[69,77] In contrast to the perovskite 
and the hemihydrate, the color of the monohydrate is pale yellow. Figure 2b depicts a sketch 
of the crystal structure determined from X-ray diffraction (XRD).[69,77] The formation of the 
monohydrate is reversible upon dehydrating. In fact, the short circuit current and the external 
quantum efficiency (EQE) of TiO2/MAPbI3/spiro-OMeTAD [2,2',7,7'-tetrakis(N,N-di-p-
methoxyphenylamine)-9,9'-spirobifluorene] solar cells recovers completely, as depicted in 
figure 2g.[77] Note that prolonged exposure to H2O subsequently leads to the formation of the 
colorless dihydrate (CH3NH3)4PbI6•2H2O. The corresponding crystal structure is sketched in 
figure 2c.[77] Due to the loss of CH3NH3I, the reaction becomes irreversible. In case of further 







Figure 2. Moisture induced degradation of MAPbI3. (a), (b), (c), and (d) depict the crystal 
structure of MAPbI3, the monohydrate CH3NH3PbI3•H2O, the dihydrate 
(CH3NH3)4PbI6•2H2O, and lead iodide, respectively. Reproduced with permission. [77] 
Copyright 2016, John Wiley and Sons. (e) FT-IR spectra of MAPbI3 after exposure to vacuum 
or air. Reproduced with permission. [75] Copyright 2015, American Chemical Society. (f) TSC 
measurements of freshly prepared and degraded MAPbI3 based solar cells. Reproduced with 
permission. .[79] Copyright 2015, John Wiley and Sons. (g) External quantum efficiency as a 
function of exposure time to humid or dry air. Reproduced with permission. [77] Copyright 
2016, John Wiley and Sons 
 
In contrast to the observed degradation, small amounts of water added to the precursor 
solution can induce a controlled and oriented crystallization of MAPbI3. As result, charge 
carrier lifetimes and power conversion efficiencies are enhanced.[71] Furthermore, impedance 
spectroscopy and photoluminescence (PL) lifetimes suggest that adsorbed water molecules 
can effectively suppress certain recombination processes. [78] 
 
3.2. Thermal Instabilities  







        (1) 
Neglecting convection, TS is determined by the Boltzmann constant, S, the efficiency, η, the 
integrated power of the solar spectrum, Psun, and the temperature of the environment, T0. For a 




summer conditions), TS amounts to about 83 °C. Hence, under typical environmental 
conditions a solar cell needs to withstand this temperature.  
In general, perovskites undergo phase transitions depending on the temperature. As an 
example, MAPbI3 exhibits two phase transitions. The first one occurs at about 160 K when its 
phase changes from orthorhombic (Pnma) to tetragonal (I4/mcm). A second phase transition 
from tetragonal to cubic (Pm3m) is observed at about 330 K.[161,162] The corresponding crystal 
structures are depicted in Figure 3a.[162] The band gap energy decreases with increasing 
temperature for a given crystalline structure and shows an abrupt change at the phase 
transition (see figure 3b). The high temperature phase transition is of particular interest, since 
it resides within the operating temperatures of a solar cell. On the other hand, the photovoltaic 
properties do not change abruptly at the phase transition. [163–165] Instead, JSC and VOC 
decrease monotonically, as shown in figure 3c. The lack of an abrupt change is attributed to 
the high structural flexibility in the high temperature phase.[164] Since the temperature of solar 
cells can vary from night to day between about – 40 °C and 85 °C the influence of 
temperature cycling and phase transitions on the long-term stability are of importance. 
However, such experiments have not been performed to date.[166] Note that commercial 
absorber materials, such as crystalline/amorphous Si, Cu(In,Ga)Se2, CdTe, GaInAs, GaInP or 
Ge do not have phase transitions in this temperature range. 
Besides structural changes, organic-inorganic perovskites - especially MAPbI3 - degrade at 
elevated temperatures. Interestingly, investigations on the temperature stability differ vastly 
depending on the used technique. On the one hand, thermogravimetric analyses (TGA), as 
presented in figure 3d, often reveals a thermal stability exceeding T = 250 °C. [1,59] On the 
other hand, numerous other experimental techniques show that MAPbI3 degrades already at 
lower temperatures. For instance, XRD shows the reflex of the (001) plane of hexagonal PbI2 
(2ϴ ≈ 12.6°) already at temperatures above 140 °C (figure 3e). [64] At the same temperature, 
the reflex originating from the (110) plane of tetragonal MAPbI3 (2ϴ ≈ 14.1°) vanishes and at 
T > 190°C the decomposition of MAPbI3 to PbI2 is completed.  
Wavelength dependent surface photovoltage (SPV) measurements taken after heating give 
further insight into the altered charge separation processes (figure 3f).[65] Up to a temperature 
of 140 °C the material quality increases since the charge separation by defect states within the 
band gap is reduced. Above 140°C charge separation by defect states increases due to an 
additional photovoltage located at about 2.4 eV. This behavior corresponds to charge 




Conversely, a temperature of 85°C seems high enough to degrade the surface of MAPbI3 
films. As an example, figure 3g depicts X-ray photoelectron spectroscopy (XPS) 
measurements of MAPbI3 films before and after annealing at 85°C in various atmospheres. 
[61] 
In pristine samples, the C1s core level is dominated by a peak representing the C-N bond of 
methylamine. Upon prolonged annealing at 85°C in ambient air, pure O2, or pure N2 the C-N 
related peak decreases gradually and the peak related to C-C or C-H bonds increases.  
The observed surface degradation is sufficient to affect the performance of 
TiO2/MAPbI3/P3HT [poly(3-hexylthiophen-2,5-diyl] devices. In particular, FF and JSC 
decrease by about 50 % during an anneal at 85°C for 24 hrs in ambient atmosphere. [61] 
 
 
Figure 3. Heat induced degradation of MAPbI3. (a) Schematic representation of the MAPbI3 
crystal structures. Reproduced with permission. [162] Copyright 2015, American Physical 
Society. (b) Temperature dependent band-gap position of MAPbI3. Reproduced with 
permission. [167] Copyright 2015, John Wiley and Sons. (c) Temperature dependent J-V 
characteristics of a regular TiO2/MAPbI3/spiro-OMeTAD solar cell. Reproduced with 
permission. [165] Copyright 2016, American Chemical Society. (d) TGA heating curves of 
MAPbI3. Reproduced with permission. 
[59] Copyright 2014, American Chemical Society. (e) 
X-ray diffractogram of MAPbI3 as a function of temperature. Reproduced with permission. 
[64] Copyright 2015, American Chemical Society. (f) SPV measurements of MAPbI3 layers 
after annealing at moderate temperatures. Reproduced with permission. [65] Copyright 2013, 
American Institute of Physics. (g) XPS measurements of ITO/TiO2/MAPbI3 samples at 85°C 
in various indicated atmospheres. Reproduced with permission. [61] Copyright 2015, John 





Compositional engineering allows to strengthen the thermal stability of perovskites. For 
instance, a replacement of the methylammonium cations with Cs+ or formamidinium cations, 
HC(NH2)2
+, is possible. Cesium lead halides are stable up to temperatures of 300°C.[168,169] 
Formamidinium (FA) lead halides are stable up to temperatures of at least 200°C. Figure 4a 
depicts an X-ray diffractogram of FAPbI3 in the α-phase, acquired at a temperature of 170°C. 
Notably, reflexes originating from hexagonal PbI2 are absent. This suggests a higher thermal 
stability than observed for MAPbI3. However, when pure FAPbI3 is cooled to room 
temperature the perovskite undergoes a phase transition to a hexagonal structure (δ-phase). 
This phase is yellow and therefore not suitable for solar cells.[170] This structural 
transformation can be suppressed by blending formamidinium with methylammonium. [170,171] 
Even more complex blends, comprising rubidium, cesium, formamidinium, and 
methylammonium, have been explored recently. [40,41] These triple or quadruple mixed cation 
perovskites exhibit high power conversion efficiencies and a superior thermal stability 
compared to perovskites prepared with pure methylammonium cations. As an example, figure 
4b shows the evolution of the power conversion efficiency of a 
Rb5(Cs5MA,FA)95Pb(I.83Br0.17)3 based solar cell. Although the device is exposed to a 
temperature of 85°C and continuous illumination with a power density of 100 mWcm-2 the 
degradation is less than 5 % over a period of 500 hrs. [40] Note that detailed investigations on 
heating induced defects in triple or quadruple cation perovskites have not been performed to 
date.  
 
Figure 4. Thermal stability of FA based perovskites. (a) X-ray diffractogram of FAPbI3 
measured at 170°C. Reproduced with permission. [171] Copyright 2015, Nature Publishing 
Group. (b) Power conversion efficiency of a Rb5(Cs5MA,FA)95Pb(I.83Br0.17)3 based solar cell 
as a function of time. The measurements were performed at a temperature of 85°C. The 
device was continuously illuminated with a light intensity of 100 mWcm-2 using white LEDs. 
Reproduced with permission. [40] Copyright 2017, The American Association for the 






3.3. Photo-Induced Degradation 
Comparing T80 lifetimes of over 50 publications, we revealed a considerably reduced lifetime 
of perovskite solar cells under illumination (see figure 1a, chapter 2). Most notably, the sun 
spectrum contains a considerable amount of high energetic photons, which are particularly 
harmful to perovskite solar cells.[138,155] Since solar cells need to be optimized for maximal 
absorption of a broad spectral range, this is highly problematic. With only a few publications 
so far, the investigation of photo-induced degradation is still in its infancy. In the following, 
we critically review recently observed light-induced degradation mechanisms. First, we focus 
on the interaction of oxygen and light, which results in a swift degradation. [53,57,76] However, 
photo-induced degradation does not require the presence of oxygen. Therefore, we will 
discuss a number of reversible[56,158,172] and unfortunately also permanent[155,158,173] 
degradation processes reported throughout literature. In particular, we will highlight the 
observed dissociation of CH3NH3
+, which commences under illumination with h  ≥ 2.72 
eV.[155] Beyond that, mixed cation and mixed halide perovskites are prone to phase 
segregation under illumination.  
 
 
3.3.1. Oxygen Catalyzed Photo-Degradation 
Mesoporous (mp) TiO2 sensitized solar cells are susceptible to rapid degradation by ultra-
violet light. This effect is a result of oxygen desorption, which activates oxygen vacancies 
within TiO2. These act as deep electronic trap states 
[174] and finally quench the performance 
of perovskite and dye sensitized solar cells. [138,143] Replacement of TiO2 is possible using 
other inorganic materials such as Al2O3
[138], SnO2 
[175]
 or La:BaSnO3 
[147] to name only a few. 
 
However, even in the absence of mp-TiO2 and/or UV-light, the combined action of molecular 
oxygen and light induces a rapid degradation of organic-inorganic perovskites. [53,57,176] 
Figure 5a depicts absorption spectra of MAPbI3 on glass prior to and after aging in dry air 
under illumination. [57] After a course of 48 hours, the absorption onset clearly shifts from 
around 800 nm to 500 nm. This corresponds to a complete degradation to PbI2. It should be 
noted, that in absence of O2 or light, no degradation was observed. 
[57] This effect was 
confirmed by measuring the efficiency of FTO/cp-TiO2/mp-TiO2/MAPbI3/spiro-
OMeTAD/Au based devices in various atmospheres, see figure 5b. [57] Again, no degradation 
is observed in absence of O2 or light. Note that a UV filter was used to prevent the activation 





The mechanism of the combined oxygen and light induced degradation is currently under 
debate. [53,55,57,155] Super-resolution luminescence micro-spectroscopy, for example, revealed a 
smooth collapse of the MAPbI3 crystal structure to PbI2, starting locally and then spreading 
over the whole crystal. [55] Further, hydroethidine was used recently as a molecular 
fluorescent probe.[53] The molecule has a characteristic emission upon exposure to the 
superoxide (O2
-). Perovskite films that were immersed in the probe solution caused an 
increase of the characteristic emission when illuminated.[53] This shows that O2
-
 triggers the 
degradation under combined O2 and light exposure. As the governing mechanism, it was 
suggested that illumination leads to the formation of the superoxide, which subsequently 
causes the deprotonation of MAPbI3 and the formation of methylamine, lead iodide, iodine, 
and water as byproducts. [53]  
 
 
Figure 5. Oxygen catalyzed photo-degradation of perovskites: (a) Absorption spectra of 
MAPbI3 on glass prior to and after prolonged illumination. (b) Evolution of the normalized η 
of FTO/cp-TiO2/mp-TiO2/MAPbI3/spiro-OMeTAD/Au devices in various environments. 
Illumination was performed with white LEDs that were equipped with a UV filter. (a,b) 
Reproduced with permission. [57] Copyright 2016, The Royal Society of Chemistry. (c), (d) 
FT-IR spectra of MAPbI3 that were exposed to UV light and isotopically enriched 
16O2 or 
18O2. The inset shows the absorption modes of C
16O2 and C
18O2. Reproduced with permission. 
[155] Copyright 2017, unpublished.  
The light-induced degradation in the presence of oxygen was recently revisited to elucidate 
the exact microscopic mechanism. [155] Before and after light exposure in the presence of 
oxygen the samples were characterized using FT-IR measurements. For these experiments 
isotopically enriched 16O2 and 




illuminated to the pristine unexposed sample, A/Aref for FAPbI3. It is important to note that an 
increase of the absorption ratio corresponds to a decrease of the corresponding molecular 
concentration. On the other hand, the absorption lines for water point downward. Since the 
unexposed sample (Aref) did not show H2O vibrational modes, their appearance indicates that 
water molecules escaped from the sample into the airtight sample compartment. The upper 
panel of figure 5c depicts the infrared absorption after an UV degradation in the presence of 
16O2 (800 mbar). The photon energy, photon flux, and degradation time amounted to h = 3.4 
eV, photon flux F ≈ 51017 s-1cm-2, and t = 4.5103 s, respectively. The two asymmetric N-H 
stretching modes are located around 3130 and 3178 cm-1.[177] Clearly, the NH3
+ concentration 
in the perovskite sample is strongly reduced after the degradation. This is consistent with the 
dissociation of CH3NH3
+ and the out-diffusion of the degradation products. Simultaneously, 
absorption lines of water vapor, pointing downwards, emerge. These H2O molecules evolved 
from the MAPbI3 thin films. Previously, it was suggested that H2O forms from oxygen that 
diffuses into the specimens and protons from the organic cations. [53,57] To test this hypothesis 
the degradation experiment was repeated in the presence of isotopically enriched 18O2 (80 
mbar). If the light-induced degradation results in the formation of water molecules one would 
expect to observe vibrational modes of H2
18O, that are shifted in frequency due to the heavier 
18O atoms. However, the IR spectra do not show an isotope shift of the water lines (figure 5c 
lower panel). Hence, this experiment demonstrates that water is not a reaction product of the 
light-induced degradation process. Instead, perovskite samples already contain H2O, most 
likely in form of crystallization water. [71,73,78] To show that the atmosphere did contain 18O 
the vibrational modes of CO2 are depicted in the inset. The modes consist of C
16O2 and C
18O2. 
Hence, the data presented in figure 5c clearly demonstrate that oxygen acts as a catalyst only. 
  
Molecular oxygen is known to diffuse within MAPbI3. 
[178] Its charge state resides about 0.2 
eV below the conduction band of MAPbI3. 
[179] Under charge injection or illumination with h  
 EG, free charge carriers are generated within MAPbI3.[180] Consequently, an O2 molecule 
can capture a free electron from the conduction band, forming superoxide in the 2g 
configuration (equation 2). The O2
- and CH3NH3
+ ions are a Brønsted-Lowry base and acid, 
respectively. Therefore, in a further reaction step CH3NH3
+ is deprotonated (see equation 3). 
The produced methylamine diffuses out of the sample and hence, impedes any back-reaction. 
In a final step, the produced HO2 molecules dissociate into molecular hydrogen and oxygen 
and the H2 molecules diffuse out of the sample. Then, the remaining O2 molecules can act as 







→    
MAPbI3 
𝑂2
−         (2) 
𝐶𝐻3𝑁𝐻3
+  + 𝑂2
−
           
→   𝐻𝑂2 + 𝐶𝐻3𝑁𝐻2 ↑       (3) 
2 𝐻𝑂2
           
→   2𝑂2 + 𝐻2 ↑         (4) 
 
 3.3.2. Photo-dissociation  
Several groups observed significant photo-instabilities of MAPbI3.
[55,56,58,173,181–186] However, 
most experiments were performed in air. Thus, the dominant degradation mechanism is a 
consequence of the combined action of oxygen and light. A few groups studied the effect of 
light soaking of MAPbI3 in inert atmosphere. Astonishingly, a strong increase in 
photoluminescence intensity[178,185,187] , open circuit voltage, and short circuit current [188] was 
shown. As result, power conversion efficiencies often increase within the first seconds to 
minutes upon illumination. [56,172,188] Recently, this so called photo-curing behavior has been 
associated with a reduction of the density of trapping sites from initially 1017 cm-3 to about 
1016 cm-3. [187] It was suggested that illumination annihilates iodine vacancy/interstitial 
Frenkel pairs. [187] These defects are relatively common in MAPbI3 and are shown to diffuse 
easily.[187,189] Huang et al.[172] further proved that the positive effect of photo curing-vanishes 
upon storage in the dark. In fact, the efficiency η decreases to less than 10 % of the maximal 
value after 12 hours in darkness. Upon light exposure, the efficiency subsequently recovers 
repeatedly. Interestingly, a photo-induced degradation was not observed in this study. 
Moreover, Ummadisingu et al. [190] reported on a light-activated crystallization of MAPbI3.  
 
Conversely, several other groups report on the commencement of a photo-induced 
degradation after several minutes of illumination [56,158,181], as shown in figure 6a. [56] Within 
the first minutes of illumination, the authors observe an increase in η. Then however, light-
induced degradation commences. When the solar cells are kept at V = VOC (condition A) Nie 
et al. [56] show a 30 % degradation over the course of 2 hrs under illumination. Near infrared 
absorption indicates the formation of deep trapping levels. [56] Interestingly, the degradation 
decelerates when the devices are operated at V = 0 V (condition B). The solar cells recover in 
the dark, as the majority of trapping states dissipates. This recovery is strongly temperature 
dependent. Figure 6b depicts the degradation and self-healing scheme. Within a microscopic 




within the band gap and act as trapping states. The corresponding structural distortions are 
corroborated by DFT calculations [56] and an increase of distinct Raman modes [56,191]. A 
deeper insight into the governing mechanism can be found elsewhere. [56] 
 
Domanski et al. [158] observed a very similar photo-induced degradation while operating 
devices at the maximum power point. This is depicted in figure 6c. In general, they 
differentiate two distinct degradation mechanisms: a swift degradation within the first hours 
and a somewhat slower mechanism. They show that the fast degradation process is fully 
reversible upon storing devices in the dark. This is identical to the study by Nie et al.[56] 
(figure 6a). Conversely, Domanski et al. [158] attribute the effect to the migration of ionic 
vacancies. As depicted in figure 6d, they suggest an initially random distribution of anion and 
cation vacancies, which migrate and form Debye layers at the charge selective contacts under 
working conditions. The generated interface charge causes a band bending, which facilitates 
or hinders charge extraction. [192] This induces reversible performance losses. A strong 
manifestation of this effect has been observed on devices following the layer stack 
glass/ITO/PEDOT:PSS/CH3NH3PbI3/MoOx/Al. There, pre-biasing allows Zhao et al. 
[193] to 
switch the polarity. In general, ion migration is widely accepted in organic-inorganic 
perovskites. [194,195] Activation energies for migration are in the range of 0.1 to 0.8 eV in 
MAPbI3. 
[182] This is a low value range even compared to oxide ion conductors used in fuel 
cells, such as LaFeO3 where typical activation energies are reported in the range of 0.5 to 2 
eV [196]. The migration of ions or ionic defects is believed to be responsible for slow 
photoconductivity responses [182], solar cell hysteresis [197] or switchable photocurrents. [66] A 
detailed report on ion migration in MAPbI3 can be found elsewhere. 
[194] It must be noted, 
however, that Domanski et al. [158] investigated a mixed cation, mixed halide 
(FAPbI3)x(MAPbBr3)y perovskite. Such alloyed perovskites are prone to photo-induced phase 
segregation, which might affect the reported results. This behavior is discussed in more detail 
in section 3.3.3. 
Well-encapsulated MAPbI3 layer were recently studied under intense illumination by steady 
state and time resolved PL measurements. Most notably, Chen et al. [198], find a swift 
quenching of the PL intensity, which is strongly dependent on the initial defect density. 
Photo-induced phase segregation, discussed in section 3.3.3, is also retarded in perovskites 
that exhibit a long-range crystalline order.[199–201] It is likely that this behavior is related to a 
suppressed ionic vacancy migration in absence of grain boundaries. [194] Certainly, this can 




it is important to note that electric noise spectroscopy by Landi et al.[202] suggests that the 
capture of charge carriers takes place in two steps: First electrons/holes are trapped by 
shallow defects, and second they either are re-emitted or thermalize down to a deeper state, 
where they recombine subsequently.  
 
Figure 6. Photo degradation of organic-inorganic perovskites: (a) Power conversion 
efficiency of ITO/PEDOT:PSS/MAPbI3/PCBM/Al devices under constant illumination. 
Devices were stressed either at J = 0 and V = VOC (condition A) or J = JSC, V = 0 (condition 
B). (b) Proposed mechanism of photo-degradation and self-healing processes. (a, b) 
Reproduced with permission. [56] Copyright 2016, Nature  
(c) Maximum power-point tracking of FTO/TiO2/mp-TiO2/(FAPbI3)x(MAPbBr3)y/spiro-
OMeTAD/Au devices under continuous UV filtered LED illumination. Devices A and B were 
continuously tracked, while device C was cyclically tracked for 5 hours and then stored in the 
dark. (d) Schematic depiction of the evolution of the ion distribution within the perovskite 
layer. (c, d) Reproduced with permission. [158] Copyright 2017, Wiley. (e) Time dependent 
UPS spectra of MAPbI3-xClx thin films under white LED illumination (154 mW cm
-2) (f) 
Evolution of the work function and VBM over multiple on-off illumination cycles. (g) Angle 
dependent XPS spectra of the thin film after multiple on-off illumination cycles. (e, f, g) 
Reproduced with permission. [173] Copyright 2016, Wiley.  
 
As indicated before, Domanski et al. observed a second somewhat slower mechanism, which 




identically prepared devices (device A & B in figure 6c), they propose that one or more 
device components are involved.  
 
Recently, Zu et al. [173] observed permanent degradation on MAPbI3-xClx films and MAPbI3 
single crystals. They perform ultraviolet photoelectron spectroscopy (UPS) measurements 
prior to, during, and after exposure to white light. A gradual shift of the valence band 
maximum (VBM) and the work function due to surface photovoltage under illumination was 
reported (see figure 6e). For low photon doses, these shifts are, as expected, reversible. 
However, for high photon doses of about 154 Wcm-2 and long-term illumination the surface 
photovoltage vanishes. Using angle dependent XPS they identify the formation of Pb(0) after 
intense prolonged illumination. The authors suggested that the formed Pb(0) induces a strong 
pinning of the Fermi energy close to the conduction band maximum. Simultaneously, a 
different absorption was observed that was attributed to PbI2, which formed during the 
illumination in high vacuum.  
 
It appears that light induced degradation of MAPbI3 based solar cells involves two distinct 
processes: a swift but reversible degradation process and a slower degradation process that 
causes irreversible changes of the samples. The latter irreversible degradation process has not 
been subject to investigations so far. To elucidate the irreversible degradation of organic 
inorganic perovskites light-induced gas-effusion experiments have been performed. [155] For 
this purpose polycrystalline MAPbI3 thin films were placed into a gas effusion setup with a 
base-pressure of 10-8 mbar. The residual gas composition was measured as a function of time 
using a quadrupole mass spectrometer. Figure 7a depicts the ion current as a function of time 
for H2, HD, CH2, NH2, CH3NH2, and CH3NH3; D represents the hydrogen isotope deuterium 
(2H). Without illumination, the ion currents are constant. After 6200 s a blue LED with an 
excitation energy of h = 2.72 eV and a photon flux of F ≈ 31017 s-1cm-2 is switched on (see 
red arrow). After a short delay of about 200 s the ion currents of all monitored masses 
increase. It has to be noted, that all masses reach a maximum ion current at t ≈ 7860 s except 
for CH3NH3, which exhibits its maximum ion current already at t ≈ 6880 s. Light-induced gas 
effusion experiments were repeated using an ultraviolet LED (h = 3.4 eV, F ≈ 51017 s-1cm-
2) and a red LED (h = 3.4 eV, F ≈ 51017 s-1cm-2). The obtained results are shown in figures 
7b and 7c. For clarity ion currents for HD, CH2, and NH2 are omitted. Their time dependence 





When illuminating with UV or blue light all ion currents increase. However, in case of red 
light the ion currents do not increase with time. Hence, the excitation energy for the light 
induced degradation of MAPbI3 has to be equal to or exceed 2.72 eV. The observation of H2 
and HD out-diffusion from the perovskite layer upon illumination implies that N – H/D bonds 
dissociate. Further insight into the microscopic mechanism can be obtained from the onset of 
the ion current traces. In particular, the ion current for CH3NH3, increases first and decreases 
to its background value before H2 and CH3NH3 reach their maximum. It is likely that out-
diffusion of CH3NH3 is limited to a small amount that originates from a surface near 
region.[155] The subsequent increase of the ion currents for H2, HD, and CH3NH2 molecules 






Figure 7. Light-induced dissociation of organic-inorganic perovskites. (a) Ion current of H2, 
HD, CH2, NH2, CH3NH2, and CH3NH3 as a function of time. At t = 6200s the MAPbI3 sample 
was illuminated with h  = 2.72 eV and a photon flux F ≈ 31017 s-1cm-2. (b) Ion current as a 
function of time under illumination with UV light; h  = 3.4 eV, F ≈ 5×1017 s-1cm-2. (c) Ion 
current as a function of time under illumination with red light; h = 1.9 eV, F ≈ 5×1017 s. (d) 
Photoluminescence spectra of MAPbI3 samples before (black curve) and after illumination for 
about t = 7.4×104 s with a photon energy of h = 1.9 eV (red curve), 2.72 eV (blue curve), and 
3.4 eV (dashed curve). (e) FT-IR spectra of MAPbI3 after exposure to UV light (h  = 3.4 eV, 
till = 2.82×10
4 s) in vacuum. The data are normalized to the untreated specimen prior to 
illumination. (f) Photoluminescence spectra of MAPbI3 samples recorded at T = 5 K. The 
ultraviolet part of the photoluminescence spectrum is magnified by a factor of 100. (g) 
Schematic depiction of the molecular orbitals of ammonia in respect to the perovskite 
conduction and valence bands. (h) Schematic depiction of the dissociation mechanism of 
CH3NH3
+ due to the capture of a photo-generated electron. (a, d, g, and h) Reproduced with 
permission. [155] Copyright 2017, John Wiley and Sons. 
 
The proposed photo-induced deprotonation was corroborated using FT-IR measurements 
before, during, and after illumination in vacuum.[155] Figure 7e depicts the ratio of the 
illuminated to the pristine unexposed sample, A/Aref. The observed change in A/Aref points 
upwards. This corresponds to a decrease of amine concentration in the lattice after 
illumination. This is consistent with the light-induced effusion measurements showing that 
illumination results in the dissociation of N – H bonds. Consequently, the opto-electronic 
properties of MAPbI3 are deteriorated vastly. Figure 7d depicts PL measurements before and 
after prolonged illumination. Note, that the yield of the PL intensity is inversely proportional 
to the concentration of localized defects.[203,204] Already after illumination with h  = 1.9 eV 
for t = 7.4×104 s in vacuum, the PL yield decreased significantly. However, as soon as the 
photon energy exceeds 2.7 eV a vast number of localized defects is created, which results in a 
complete quenching of the band-to-band photoluminescence. Most likely, the localized 
defects are fragments of the methylammonium ions that have energy levels in the band gap of 
the perovskite. [205,206] 
 
Considering the observed photo-dissociation of N – H bonds in MAPbI3 a microscopic 
mechanism was proposed. [155] Upon illumination with light of h  ≥ 2.7 eV the dissociation 
of N – H bonds occurs according to the reaction: 
2(𝐶𝐻3𝑁𝐻3
+)  + 2 𝑒−  
      
→ 2(𝐶𝐻3𝑁𝐻2) + 𝐻2   .     (5) 
This is schematically depicted in figure 7h. In general, photo-dissociation of NH3 can occur if 
an electron is placed in one of the antibonding orbitals. Figure 7g illustrates the molecular 
orbitals of NH3 according to molecular orbital theory. Most notably, the antibonding 
molecular orbitals e* and a1*, are high in energy and unoccupied.




that photo-dissociation of isolated NH3 requires an energy of around 6.4 eV.
[207] This is far 
beyond the photon energies used above and usually takes place in Jovian’s atmosphere 
only.[208] In the hybrid semiconductor molecular orbitals from CH3NH3
+ form energy bands 
which reside deep in the valence and conduction bands. Ab-initio methods predicted a 
minimal energy of 8 eV, which is needed for a direct transition from the valence band 
maximum into empty conduction bands associated to CH3NH3
+. [209,210] In principle such a 
transition should not occur, as excited electrons usually thermalize down to the conduction 
band-edge within 10-11 s. However, it has been shown recently, that the hot carrier lifetime in 
MAPbI3 is about 3 orders of magnitude higher as compared to conventional semiconductors. 
[211,212] 
Figure 7f shows photoluminescence measurements of MAPbI3 taken at 5 K. In addition to the 
band gap luminescence at 1.62 eV, Nickel et al [155] observe three hitherto unknown PL peaks 
located at 3.27, 3.31, and 3.34 eV. It was concluded, that these states correspond to the 
antibonding orbitals of NH3. As they give rise to luminescence, it is clear that they are not in 
resonance with the conduction bands of the crystal lattice of the MAPbI3. Therefore, the data 
suggest that the dissociation of CH3NH3
+ commences by trapping charge in the antibonding 
states of N – H, which requires a minimal energy of about 2.72 eV.  
 
 
Light-induced degradation of perovskites in the absence of O2, TiO2, moisture, and heat is 
broadly discussed in the literature. While not all reported changes of device parameters and 
materials properties are supported with exact models the data presented in figure 7 establish 
that deprotonation of the organic cation occurs for photon energies  2.7 eV. In fact, it is 
conceivable that even hot carriers with sufficient energy can be trapped by the N-H 
antibonding states, which ultimately results in the dissociation of the cation. This seems 
highly relevant for degradation due to high-energy irradiation as described in chapter 3.4. 
 
 
3.3.3 Photo-Induced Phase Segregation of Alloyed Perovskites 
Alloying ABX3 perovskites proved to be the route to tailor opto-electronic properties and in 
particular the band gap. Monovalent cations [CH3NH3
+, HC(NH2)2
+, Cs+, or Rb+], divalent 
cations [Pb2+ or Sn2+ ] and halide anions [Br- or I–] can be used for A, B and X respectively. 




1.5 and 2.2 eV or between 1.8 and 2.4 eV for MAPb(I1-xBrx)3 
[42] and CsPb(I1-xBrx)3 
[169], 
respectively. This is an important prerequisite for tandem solar cell optimization.  
However, the majority of these alloys are not stable under illumination. Photoluminescence 
measurements reported by Hoke et al. (figure 8a), reveal a swift rise of a low-energy 
emission peak under continuous illumination for MAPb(I1-xBrx)3 based alloys. 
[213] A photo-
induced phase segregation into iodide rich and bromide rich domains, frequently referred to as 
the Hoke effect, [199,214] has been suggested. [213] This was corroborated by XRD 
measurements that revealed the coexistence of both phases after illumination. As a result, 
photo-induced charge carriers are trapped in the low-energy iodide rich phase. Interestingly, 
the effect is fully reversible upon thermal annealing in the dark.[213] Figure 8b depicts the 
temporal evolution of the photo-induced phase segregation on the nanoscale. Bischak et 
al.[215] overlaid secondary electron (SE) and a cathodoluminescence (CL) images of 
MAPb(I0.9Br0.1)3 before and after illumination. The data show that photo-induced iodine rich 
clusters grow quickly in size and somewhat slower in number. 
The driving force for the photo-induced phase segregation is subject of ongoing 
research.[199,213–216] It has been proposed, that the coexistence of both phases corresponds to a 
local minimum of the Helmholtz free energy. [217] Remarkably, photo-induced phase 
segregation does not occur when a pulsed excitation is used with a repetition rate of less than 
1 kHz. This effect is independent of the excitation energy.[216] This indicates that the phase 
segregation is governed by a two-step process. [216] To account for the degradation a model 
has been suggested that postulates the existence of long-lived polaronic states that drive ion 
migration locally.[215,216] 
As a result, iodine rich clusters form that have a lower band gap. These clusters are the origin 
of the low-energy PL emission line. It is interesting to note that segregation of iodine into 
nanodomains also was observed in highly efficient (FAPbI3)0.85(MAPbBr3)0.15 solar cells. 
[218] 
 
As a matter of fact, photo-induced phase segregation is not restricted to MAPb(I1-xBrx)3 based 
alloys. It has also been reported for CsPb(I1-xBrx)3, FAPb(I1-xBrx)3, (MA,FA)Pb(I1-xBrx)3, 
(CsxFA1-x)PbI3, and (Cs1-yFAy)Pb(I1-xBrx)3 alloys. As example figure 8c depicts X-ray 
diffractograms of (Cs1-xFAx)PbI3 before and after irradiation. 
[219] In case of (Cs0.3FA0.7)PbI3 a 
splitting of the XRD reflex of the 110 planes at 2Θ 14° indicates the presence of two 
coexisting phases after irradiation. Recently, Unger et al. [214] published an overview of the 
Hoke effect using all available compositional data from literature.[40–42,103,146,169,200,213,216,220–




gap. This is shown in figure 8d where the initial and final PL emission after light soaking is 
depicted. Above a certain threshold all alloys exhibit a lower energy PL line. The onset is 
located at 1.7 eV and 1.9 eV for MAPb(I1-xBrx)3 and CsPb(I1-xBrx)3, respectively. In 
addition, the formation of a lower energy emission line is accompanied by a pinning of the 
open circuit voltage of perovskite solar cells. This is observed for all alloys with an absorption 
onset above the aforementioned threshold (see figure 8e). [214]  
 
 
Figure 8. Photo-induced phase segregation of mixed perovskites. (a) Photoluminescence 
spectra of MAPb(I0.6Br0.4)3 under illumination ( 15 mWcm
-2, 457 nm, for 45 s). Reproduced 
with permission. [213] Copyright 2015, The Royal Society of Chemistry. (b) 
Cathodoluminescence image series after light soaking using a 405 nm LED with a power 
density of 50 mWcm-2. Scale bars are 2 µm (top) and 200 nm (bottom) Reproduced with 
permission. [215] Copyright 2017, American Chemical Society. (c) X-ray diffractogram of 
(CsxFA1-x)PbI3 before and after irradiation. Reproduced with permission. 
[219] Copyright 2017, 
John Wiley and Sons.(d) PL emission after light soaking as a function of initial PL peak 
energy (e) Open circuit voltage of reported perovskite solar cells as a function of perovskite 
band gap. (d, e) Reproduced with permission. [214] Copyright 2015, The Royal Society of 
Chemistry. 
 
The photo-induced phase segregation limits the performance of higher band gap perovskite 
solar-cells fundamentally. Apparently, a continuous tuning of the band-gap energy is not 
achievable. However, a band gap of 1.73 eV, which is needed for efficient tandem solar-cells 







The photo-induced phase segregation is retarded in perovskites that exhibit a long-range 
crystalline order.[199–201] However, the question arises whether light-induced defect generation 
and/or the presence of heat and moisture etc. will affect the crystalline structure, thereby 
promoting phase segregation.   
 
 
3.4. High Energy Irradiation 
In addition to the degradation mechanisms discussed above the irradiation with high-energy 
rays and particles, such as X-rays, γ-rays, electrons, neutrons or protons, can result in 
detrimental effects on all known inorganic and organic materials. On the other hand, various 
characterization methods rely on the interaction of a probe beam with the specimen. Any 
degradation of the specimen during a measurement alters the physical properties of the 
sample and may produces artifacts that lead to unreliable information and subsequently to a 
misinterpretation of the data.  
 
Rutherford backscattering spectroscopy, for example, is widely used to obtain depth 
dependent concentration profiles. [231] Yet the irradiation of a MAPbI3 thin-films with 
4He+ 
ions of an energy of 1.4 MeV causes a swift degradation to PbI2.
[232] Apparently, two or more 
complementary techniques with orthogonal analysis beam direction have to be used to ensure 
correct measurements.[232] The chemical structure of hybrid perovskites is commonly 
determined from X-ray photoelectron spectroscopy (XPS) data. [69,76,87,88,233–245] As example, 
figure 9a depicts XPS spectra of the Pb4f levels of MAPbI3, MAPbI3-xClx, MAPbCl3, and 
PbCl2 thin films. 
[246] The X-ray energy used for data acquisition amounts to 4 keV. All 
spectra are dominated by two intense peaks, which can be assigned to the Pb4f5/2 and Pb4f7/2 
levels of Pb2+. At lower binding energies of 137.0 eV and 141.85 eV all perovskite thin-films 
exhibit two additional peaks that are reflecting the presence of Pb(0). On the one hand, Pb(0) is 
often observed in XPS spectra of hybrid perovskites throughout literature. [69,247,248] On the 
other hand, metallic Pb(0) is not found in spectra of lead halides (figure 9a). Clearly, metallic 
Pb(0) can be a remnant of an improper preparation and/or annealing procedure. [249] However, 
it has been shown that the peak attributed to metallic Pb(0) increases in intensity with 
prolonged X-ray exposure. [246] By contrast, a variety of reports use thick MAPbI3 
[250] films, 
or single crystals of MAPbI3 
[251], MAPbBr3 
[252] or CsxFA1-xPbI3-yBry 
[253] to detect γ- and X-




charge-carrier mobility-lifetime product. Hence, very high sensitivities of 80 µC Gyair
-1cm-2 
can be achieved. [252] This sensitivity is four times higher than the sensitivity of commercially 
used α-Se X-ray detectors[252], and might allow medical diagnostics to work with much lower 
doses. However, none of the reports published so far paid attention to the long-term stability 
of perovskite based γ- and X-ray detectors. [254] 
 
Other common tools to study the microstructure and composition of hybrid perovskite films 
on the nanoscale are electron microscopy and energy dispersive X-ray spectroscopy. Both 
techniques are widely used but only a few studies paid attention to perovskite degradation 
during the exposure to low-energy electrons. [255–258] For example, Edri et al. [256] measured 
electron beam induced current (EBIC) spectra on the cross section of MAPbI3 based solar 
cells. They observed a strong fading of the EBIC contrast after only 3 consecutive 
measurements. [256] This low-energy electron-beam-induced degradation of MAPbI3 and 
FAPbI3 was studied in depth using cathodoluminescence (CL) spectroscopy. 
[90] Xia et al. [90] 
showed that an intense electron irradiation with energies ranging from 2 to 10 keV can alter 
the properties of the perovskites. CL spectra measured with an excitation of 5 keV for a 
variety of electron currents and irradiation times are depicted in figure 9b. The observed 
changes of the CL spectra are ascribed to two different mechanisms: (i) defect formation 
caused by radiation damage, and (ii) electron-beam induced heating in case of elevated beam 
currents. The former mechanism causes quenching and broadening of the excitonic peaks in 
the CL spectra, whereas the latter one results in the formation of new peaks with higher 
emission photon energies (see figure 9b).[90]   
 
A further increase of the excitation energy to values in the MeV regime alters the interaction 
entirely. The penetration depth increases to values in the µm regime and beyond. Nevertheless, 
electron and proton irradiation in the MeV regime deteriorate inorganic solar cells and 
electronic devices based on Si, InGaP, GaAs, or Ge vastly. [259–267] Astonishingly, recent 
findings revealed an unexpectedly high radiation hardness of MAPbI3 based solar cells under 
high-energetic electron and proton irradiation. [89,91,92] Figure 9c shows in-situ measurements 
of the fill factor, FF, short circuit current, JSC, open circuit voltage, VOC, and power 
conversion efficiency, , of a perovskite solar cell as a function of the proton dose, . The 
protons had a kinetic energy of 68 MeV. For comparison, the blue line in figure 9c shows JSC 
of a single crystal silicon (c-Si) diode. Interestingly, for the MAPbI3 based solar cell FF and 




a values 0.6 for a proton dose of  = 1013 p cm-2. Note that JSC of the c-Si diode decreases to a 
value of less than 0.6 for a lower proton dose of   = 1012 p cm-2. For the perovskite solar cell, 
it was shown that a major part of the reduction of JSC is due to shading caused by the 
formation of color centers in the glass substrate. [89] It was concluded that the radiation 
hardness of MAPbI3 exceeds the radiation hardness of c-Si by almost three orders of 




Figure 9. Degradation of hybrid perovskites due to high-energy irradiation. a) Hard X-ray 
photoelectron spectra of the Pb4f levels of MAPbI3, MAPbI3-xClx, MAPbCl3 and PbCl2 thin 
films on glass/FTO/TiO2 substrates using a photon energy of 4 keV. Reproduced with 
permission. [246] Copyright 2015, American Chemical Society. b) Cathodoluminescence 
spectra of MAPbI3 thin films under excitation with high-energy electrons (Ee = 5 kV). The 
irradiation times and electron currents are indicated in the figure. Reproduced with permission. 
[90] Copyright 2015, American Chemical Society. c) Normalized solar cell parameters of a 
CH3NH3PbI3 solar cell under high-energy proton irradiation (EP = 68 MeV) as a function of 
the proton dose, . The red diamond depicts the normalized value of JSC after correcting for 




evolution of a c-Si photo-diode is shown by the blue solid curve. d) Self-healing of a proton-
irradiated perovskite solar cell (red circles) after terminating the proton irradiation. Data 
points are normalized to unity at t – tirr  = 0. (c, d) Reproduced with permission. [89] Copyright 
2016, John Wiley and Sons.  
 
After termination of the proton irradiation the MAPbI3 based solar cells were stored in the 
dark for 2 weeks to allow the induced radioactivity to decrease. After that time the solar cells 
show a partial recover of JSC and η (see figure 9d). In fact, it has been shown that the density 
of recombination centers in the MAPbI3 absorber layer is significantly reduced after these 2 
weeks. [92] As a result, VOC, FF, and the recombination lifetime of photo-generated charge 
carries are higher in proton-irradiated devices compared to non-irradiated reference devices. 
[89,92]  
 
The question arises if the self-healing is caused by the same mechanism that is responsible for 
the recovery of perovskite solar cells after prolonged illumination with photons in the UV/Vis 
energy range (see figure 6a and 6c in chapter 3.3.2). It is known that high-energy electron and 
proton irradiation generates cascades of secondary electrons with high energies. It is 
conceivable, that the secondary electrons can cause the breaking of N-H and C-H bonds of the 
organic cations prior to thermalization to the conduction band-edge.[89] The dissociation of C-
H bonds upon irradiation is well-known in organic semiconductors such as PCDTBT or P3HT. 
[268,269] The governing microscopic mechanism could be similar to the light-induced 
dissociation of N-H bonds observed for MAPbI3 and FAPbI3 (see chapter 3.3.2 and figure 7). 
In fact, fragmentation of CH3NH3
+ gives rise to localized states in the band gap of MAPbI3 
and therefore, might account for the degradation of solar cells due to proton irradiation.[205,206] 
The subsequent self-healing of the solar cells indicates that some of the newly created defects 
are passivated or neutralized. This may occur as a back reaction of the defect creation process 
and/or the neutralization of defects due to the formation of neutral complexes e.g.: the capture 
of a proton.  
 
The superior radiation hardness of MAPbI3 may lead to practical applications. As an example, 
it is conceivable to integrate perovskite solar cells in tandem devices with radiation hard 
CIGS [copper indium gallium di-selenide] devices for space applications. Such tandem solar 
cells would be lightweight, thin, and flexible and have a high power conversion efficiency. 
Another example would be radiation hard sensors for the nuclear energy sector, medical 




conceivable despite of the reported swift degradation of the perovskite (see figure 9b), since 
low-energy particles can be shielded with a few millimeters of material.  
 
 
 4. Beyond Organic-Inorganic Perovskites  
As discussed above, hybrid perovskites are suffering from different types of degradation 
mechanisms. On the one hand, the temperature and humidity induced degradation pathways 
can be easily overcome. The former can be avoided by introducing the more robust 
formamidinium cation into the perovskite lattice, and the latter by introducing different 
encapsulation layers. On the other hand, photo-induced dissociation of the organic cation is a 
major drawback (see section 3.3.2). In fact, any photo-instability may impede 
commercialization of this promising material.  
In general, there are various routes to stabilize hybrid perovskites. For example, one could 
replace the organic cation with a more stable cation. This is possible using cesium based 
perovskites, following the general formula CsBX3, were X = I, Br and B = Pb, Sn. 
Interestingly, all inorganic ABX3 perovskites were introduced even before the 
organic/inorganic prototypes were available. Early works by Wells and Haupt report on the 
synthesis and the properties of Cesium, Potassium, and Rubidium lead halide 
perovskites.[270,271] Nowadays, Cesium containing perovskites are successfully implemented 
in solar cells. Moreover, cesium lead trihalides have demonstrated a number of properties 
similar to those of organic/inorganic perovskites. In these perovskites the band gap can be 
tuned over a wide range. They have a high tolerance for defects, show a high charge carrier 
mobility, and a long carrier diffusion length. [228,272] Moreover, the inorganic perovskites can 
be operated at elevated temperatures and do not exhibit light induced degradation. For 
example, nanocrystals of CsPbX3 perovskite show an extreme luminescence quantum yield at 
room temperature combined with a broadly tunable band gap (Figure 10a).[273,274] In addition, 
CsPbI3 QDs exhibit strong quantum confinement and allow to obtain solar cells with a 
stabilized power conversion efficiency of   8 % .[275] Recently, Kulbak et al. demonstrated 
solar cells with open circuit voltages as high as 1.3 V using bulk CsPbBr3 layers that were 
sandwiched between FTO/TiO2 and a hole-transport-layer/Au contacts (figure 10b).
[224] 
Subsequently, several groups reported on efficient cesium based perovskite solar-cells. 
[228,276,277] Using CsPbI3, the best performing devices had an efficiency of more than 9 %. 
[228]  
Unfortunately, none of the previously reported materials of the APbX3 structure form a 




phase”. The reason for this instability was found in the slightly smaller tolerance factor, due 
to the mismatch of the ionic radius of the inorganic A-site (Cs, Rb, K) cation within the lead 
iodide octahedral structure.   
Nevertheless, early work on inorganic perovskites by Wells and Haupt revealed that 
iodoplumbates of Cs, Rb, and potassium form stable materials that adopt a different 
stoichiometry, namely AmBnX2n+m, where m = 2 and n = 1. Latest results of computational 
screening revealed that potential candidates for optoelectronic devices could be found among 
a broader range of stoichiometric ratio - AmBnXy. Moreover, hypothetical AmBnXy perovskites 
have less restrictions regarding the valences of the metallic cation, namely B = B2+ (Sn, Ge), 
B3+ (Bi, Sb), or B4+ (Figure 10c).[278,279]  
Recently, inorganic alloys Ag2PbI4 and AgBi2I7 were for the first time implemented into 
devices and yielded an efficiency of η = 3.9 and 1.22 %, respectively (Figure 10 (d)).[280,281] A 
further alternative approach to obtain stable perovskites is the heterovalent substitution of the 
B-site cation with B1+ and B3+, which allows to obtain “double perovskite” structures.[282–284] 
The material Cs2AgBiX6 shows a moderately long recombination lifetime of τ ≥ 660 ns and a 
band gap of EG ~ 1.95 eV for Cs2AgBiBr6 and EG ~2.7 eV was observed for Cs2AgBiI6.
[285,286]  
 
Recent computational research to design and identify new potential hybrid perovskites is 
based mainly on quaternary ammonium compounds.[287,288] However, N − H bonds play a 
major role in the light-induced degradation mechanism of organic/inorganic perovskites (see 
chapter 3.3.2). Therefore, we would like to point out that for the design of stable hybrid 
perovskites organic cations might have to be considered that do not contain weak bonds. 
Altogether, these interesting and diverse approaches have the potential to overcome the 
deficiencies described above and lead to new perovskites with a long-time stability and the 




   
Figure 9. Beyond organic-inorganic perovskites: a) Colloidal perovskite CsPbX3 nanocrystals 
(X = Cl, Br, I) in toluene under UV excitation and corresponding PL spectra. Reproduced 
with permission.[274] Copyright 2015, American Chemical Society. b) Light and dark J−V 
curves of mp-TiO2/CsPbBr3 solar cells with PTAA as a hole transport layer (100 mW/cm
2 
simulated solar irradiation, masked cell area 0.16 cm2, scan rate 0.06 V/s). Reproduced with 
permission.[224] Copyright 2015, American Chemical Society c) Schematic depiction of the 
relation between the crystal structures of Pb perovskites and AmBnXy perovskites, where B-
site cation has the different oxidation states, and double perovskites. Reproduced with 
permission.[284] Copyright 2016, American Chemical Society d) J-V curves of amp-
TiO2/AgBi2I7/P3HT/Ag solar cell in the dark and under illumination with a light density of 
100 mWcm2 (area = 0.049 cm2). Reproduced with permission.[281] Copyright 2016, John 
Wiley and Sons. 
 
 
5. Conclusion  
In conclusion, we thoroughly analyzed T80 lifetimes of various perovskite solar cells by 
comparing over 50 publications reported in literature. Often lifetimes are given for storing 
devices in the dark and a considerable reduction of the lifetime is reported under illumination 
conditions. However, in the past years considerable progress was made regarding the 
stabilities of solar cells. The known mechanisms that are responsible for the degradation of 
perovskite solar cells were reviewed and their impact was evaluated. Among the degradation 




cation mixed halide perovskites, oxygen catalyzed degradation, photo-induced dissociation of 
organic cations, and high-energy irradiation. Alternative approaches to overcome materials 
and device instabilities were suggested. They comprise the use of inorganic perovskites, 
crystal structures of the type AmBnXy , double perovskites, and approaches to eliminate weak 
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